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Sedimentation (Eriksson-Quensel and Svedberg, 1936), diffusion (Poison, 
1939a), partial specific volume (Svedberg, 1939), intrinsic viscosity (Poison, 
1939b), and sedimentation equilibrium (Eriksson-Quensel and Svedberg, 1936) 
studies have been carried out on the hemocyanin of the lobster, Homarus vulgaris. 
While these studies serve in a general way to characterize the hemocyanin molecule, 
several important pieces of information are lacking. First, sedimentation co¬ 
efficients were not extrapolated to zero concentration. Second, no information 
concerning hydration was provided. Third, no independent evidence of shape 
was presented. The purpose of the present study is to provide a more precise 
and more complete characterization of the lobster hemocyanin molecule. 

A. Preparation of Hemocyanin 

North American lobsters, Homarus americanns, obtained in Woods Hole, 
Massachusetts, were used in this study. The technical descriptions of the species 
appearing in Milne-Edwards (Milne-Edwards, 1837) permit the conclusion that 

H. americanns and H. vulgaris are very similar if not actually indistinguishable. 
The lobsters were bled, the blood was defibrinated by whipping, and the hemo¬ 
cyanin was purified by alternate centrifugation for ten minutes in a Servall angle 
centrifuge at S000 rpm and for six hours in a type 40 rotor in a Spinco Model L 
centrifuge at 35,000 rpm. All centrifugations were carried out in the cold. Two 
low speed and one high speed runs were used to prepare the hemocyanin for 
diffusion and sedimentation experiments. Several additional cycles of low and 
high speed centrifugation were used in the preparation of material for partial 
specific volume, intrinsic viscosity, and specific refractive increment measurements. 

B. Sedimentation Studies 

I. Sedimentation as a function of concentration 

Sedimentation studies on various concentrations of hemocyanin in M/10 phos¬ 
phate buffer at pH 7 were carried out in a Spinco ultracentrifuge. Solution den¬ 
sities were measured with a pycnometer. Hemocyanin concentrations were de¬ 
termined by means of a refractometer, using 0.00193 as the specific refractive 
increment. Solution viscosities were measured at a temperature below and at a 
temperature above that of the sedimentation run, and the value at the tempera- 

1 These studies were aided by a contract between the Office of Naval Research, Department 
of the Navy, and the University of Pittsburgh, NR 135-110, Contract No. Nonr-624(03). 
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Table I 

Sedimentation of lobster hemocyanin at various concentrations 
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ture of the sedimentation run was determined by interpolation. Solvent viscosi¬ 
ties were determined in the same way. The product of sedimentation coefficient 
and solution viscosity and the product of sedimentation coefficient and solvent vis¬ 
cosity were then each corrected for solution density by multiplying by 

(1 - V h ' 4r°) / (1 - V n 'd), 

where V h ' has the meaning defined in the next section, d w 20 is the density of water 
at 20°, and d is the density of the solution investigated in the ultracentrifuge. 
The figures thus obtained are identified by the symbols ^ s (corr) and rj 0 s (corr), 
respectively. The data are listed in Table I. 

It was found that viscosity-sedimentation products gave more nearly linear 
plots with concentration than did reciprocals of viscosity-sedimentation products. 
In the case of most virus characteristic particles, solution viscosity-sedimentation 
products are essentially invariant with concentration (Lauffer, 1944; Lauffer and 
Stanley, 1944; Taylor, Epstein and Lauffer, 1955). This was not found to be 
the case with lobster hemocyanin. Solution viscosity-sedimentation products, and 
solvent viscosity-sedimentation products were extrapolated to the same value at 
zero concentration. This value is listed in Table I. When one divides it by the 
viscosity of water at 20°, 0.01005, one obtains the sedimentation coefficient, cor¬ 
rected to water at 20°, at infinite dilution. This has a value of 24.5 X 10~ 13 cgs 
units. The previously reported value, 22.6 X 10“ 13 (Eriksson-Quensel and Sved- 

Table II 

Sedimentation of lobster hemocyanin in sucrose solutio?is 
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berg, 1936) is the mean of the values obtained from various dilutions of lobster 
blood in different electrolyte solutions; it does not represent the value at infinite 
dilution. 


2. Sedimentation in sucrose solutions of various densities 

Sedimentation studies on 0.9% hemocyanin in 0.1 M phosphate buffer at pH 
7, to which various amounts of sucrose had been added, were carried out. Sedi¬ 
mentation coefficients, solution viscosities and solution densities were evaluated as 
described previously. The data are recorded in Table II. The product of solu¬ 
tion viscosity and sedimentation coefficient, not corrected in any way, was plotted 
against solution density. The data fit the straight line, rjs X 10 15 = 104.7 — 80.9c/. 
The intercept at a density of 0.998, the density of water at 20°, is 24.0 X 1(T 15 . 
This is in good agreement with the solution viscosity-sedimentation coefficient 
product for 0.9% hemocyanin solution, 24.2 X 10~ 15 , as interpolated from the data 
of Table I. The intercept corresponding to zero sedimentation rate occurs at a 


Table III 

Viscosity at various concentrations 


Concentration 

(g/'ml.) 

C 
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viscosity 

Vr 

TJr ~ 1 

0 

0.107 

0.0792 

1.9881 

12.5 

0.0477 

0.0353 

1.3259 

9.25 

0.0275 

0.0204 

1.1448 

7.1 

0.0155 

0.0116 

1.0713 

6.15 

0.0083 
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density value of 1.294. The reciprocal of this value, 0.773, is taken to be the 
effective specific volume of the hydrated hemocyanin molecule, V\ (Lauffer- 
Taylor and Wunder, 1952). 

C. Diffusion Experiments 

The diffusion coefficient of an 0.9% hemocyanin solution in 0.1 M phosphate 
buffer at pH 7 was determined at 20° in a Perkin-Elmer electrophoresis appa¬ 
ratus. A value not significantly different from that reported by Poison (Poison, 
1939a) was obtained. Because Poison’s data are more extensive, his value for 
D w 20 of 2.77 X 10~ 7 cm. 2 /sec. will be used in subsequent calculations. 

D. Intrinsic Viscosity 

Viscosities of solutions of various concentrations of hemocyanin in 0.1 M 
phosphate buffer at pH 7 were determined using a capillary viscometer in a water 
bath at 25°. Concentrations were measured by means of a refractometer using 
a value for specific refractive increment of 0.00193. The data are shown in 
Table III. Intrinsic viscosities or viscosity numbers were evaluated by plotting 
the quotient of relative viscosity increment divided by volume fraction against 
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volume fraction and extrapolating to zero. A value of 4.85 ml. per ml. was ob¬ 
tained. Poison (Poison, 1939b) reported a value of 6.4. The value obtained in 
the present study, namely 4.85, is used in subsequent calculations. 

E. Partial Specific Volume 

The apparent partial specific volume of lobster hemocyanin was calculated from 
the dry weight composition and the density of an aqueous solution of a highly 
purified preparation. A mean value not significantly different from that for the 
partial specific volume reported by Svedberg (Svedberg, 1939), namely 0.74, 
was obtained. 



Figure 1. Electron micrograph of hemocyanin molecules. Uranium shadowed (X 69,000). 
Shadow angle slope — 34- Line corresponds to one micron. 


F. Specific Refractive Increment 

The specific refractive increment was determined on aqueous solutions of 
highly purified hemocyanin by means of a Phoenix Precision differential refrac- 
tometer. The concentration was determined by dry weight. The specific re¬ 
fractive increment obtained was 0.00193. Redfield had previously reported a 
value of 0.002 (Redfield, 1934). 

G. Electron Microscopy 

Electron micrographs of hemocyanin molecules shadowed with uranium were 
kindly made by Dr. Irwin Bendet of the Department of Biophysics at the Uni- 
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versity of Pittsburgh. A representative micrograph is shown in Figure 1. The 
electron micrograph shows clearly that the hemocyanin molecules are not rod- 
shaped. The shadow lengths are consistent with a height of 7.5 m/x and the 
modal image size corresponds to a particle with a diameter of 33 m/x. Thus, the 
micrograph is consistent with the assumption that the hemocyanin molecule is a 
flattened ellipsoid of revolution about 33 m/x in diameter and 7.5 m/x thick. Natu¬ 
rally, these dimensions refer to dried particles. 

Discussion 

The following parameters, determined in the present and in previous investi¬ 
gations, can be used to calculate the size, shape, and degree of hydration of lobster 
hemocyanin; sedimentation coefficient, s lv 20 = 24.5 X 10“ 13 ; diffusion coefficient, 
D, w 20 = 2.77 X 1CL 7 ; partial specific volume, V — 0.74; effective specific volume of 
the hydrated particle, PY = 0.773; intrinsic viscosity or viscosity number, [y] = 
4.85. Details of these calculations have been reviewed recently (Lauffer and 
Bendet, 1954). 

From the sedimentation coefficient, the diffusion coefficient, and the partial 
specific volume, the molecular weight and the friction ratio can be calculated to 
be 825,000 and 1.25, respectively. This molecular weight value supersedes the 
value of 752,000 reported by Eriksson-Quensel and Svedberg (Eriksson-Quensel 
and Svedberg, 1936) and compares with their sedimentation equilibrium value of 
803,000. From the partial specific volume, V, and the effective specific volume 
of the hydrated particle. V h \ one can calculate that hemocyanin is hydrated to the 
extent of 0.15 ml. of water per g of anhydrous protein. The reservations which 
must attend the use of hydration values calculated in this manner have been dis¬ 
cussed previously (Lauffer, Taylor and Wunder, 1952; Lauffer and Bendet, 1954). 

If it is assumed that the molecule is a flattened ellipsoid of revolution and that 
its hydration is actually equal to the value calculated from sedimentation vs. 
medium density studies, namely, 0.15 ml. of water per g protein, then one can 
interpret the friction ratio, 1.25, to be consistent with a hydrated flattened ellipsoid 
of revolution with an axial ratio of 4.14, corresponding to a diameter of 32.2 X 
10~ 7 cm. and a thickness of 7.8 X 10 7 cm. These values are consistent with those 
estimated from the electron micrograph. The axial ratio of the hydrated particle 
calculated on the basis of the same assumptions from the intrinsic viscosity was 
4.05, in good agreement with the value obtained from sedimentation, diffusion and 
partial specific volume data. 

Summary 

1. The sedimentation coefficient of lobster hemocyanin corrected to water at 
20° and extrapolated to zero concentration has been found to be 24.5 X 10 -13 cgs 
units. 

2. The intrinsic viscosity has been found to be 4.85 ml./ml. 

3. From the variation of the sedimentation rate of hemocyanin in sucrose solu¬ 
tions of different densities and from the partial specific volume, the hydration of 
hemocyanin was calculated to be 0.15 ml. of water per gram of dry protein. 

4. The specific refractive increment was determined to be 0.00193 ml. per 
10 2 g. 
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5. From the above parameters and others taken from the literature, lobster 
hemocyanin molecules were calculated to have a molecular weight of 825,000. 
corresponding to oblate ellipsoids of revolution with hydrated diameter of 52.2 
niM and hvdrated thickness of 7.8 m/x. 
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AUTHORS’ ERROR. Lauffer and Swaby, Vol. 108, pp. 294 
and 295. 

The dimensions of the lobster hemocyanin molecule, considered 
as a flattened ellipsoid of revolution hydrated to the extent of .15 
ml. water per g. protein, were erroneously reported as 32.2 X 10" 7 
cm. for the diameter and 7.8 X 10~ 7 cm. for the thickness. The 
correct values are 21.4 X 10 7 and 5.2 X 10~ 7 cm. These are not 
very close to the electron microscope values. Therefore, the ques¬ 
tion of the interpretation of the hydrodynamic results is re-opened. 

An additional possibility is that the hemocyanin molecules are 
spheres. If so, the friction ratio of 1.25 must be ascribed to hydra¬ 
tion alone. By methods described by Lauffer and Bendet (1954), 
one can calculate a value of .70 nil. of water per g. of protein from 
this friction ratio. A sphere composed of protein with partial 
specific volume of .74, with an anhydrous molecular weight of 
825,000 and with this degree of hydration, would have a diameter 
of 15.6 X 10' 7 cm. Such a particle could collapse into a disk upon 
drying, but its total volume would be less than one-fourth that 
indicated by the electron micrographs. The new value for hydra¬ 
tion is considerably higher than that calculated from the sedimenta¬ 
tion vs. density experiments. As was pointed out in a reference 
cited in the discussion, however, the value calculated from sedi¬ 
mentation vs. density experiments represents only the water in 
excess of that associated with other constituents in the hypothetical 
hydrating medium and might underestimate the total. 

If one takes the dimensions indicated by the electron micro¬ 
graph at face value, the particles seen in the micrograph cannot 
be interpreted as single hemocyanin molecules, for their volumes 
are much too great. However, if the thickness of the uranium 
coat is taken into account, the resulting dimensions yield a volume 
which may not be inconsistent with the hydrodynamic data. 
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